This paper provides a method for determining the rotational temperature of a molecular ensemble subject to a pump pulse. To implement it, we measure the rotational energy by using the molecular wave function, take the rotational energy as the thermal energy, and extract the rotational temperature. This method is able to follow the dynamics of rotational temperature, calculate the temperature increase during the interaction with the pump pulse, and predict the cause. An accurate rotational temperature ensures better information about molecular ensembles. 1 1 1 J J J J J J . These phenomena should be attributed to the anisotropic polarizabilty of the molecules perp par , the only molecular property contributing to the interaction Hamiltonian (see. Eq. (2)). From Table 1, one obtains that 2 2 2 N O CO , in agreement with the trend of 1 J J
INTRODUCTION
The pump-probe experiment is one of the most effective tools for obtaining dynamic information about ultrafast phenomena such as molecular dynamics and molecular imaging. 1 In such an experiment, a molecular ensemble at a given temperature is hit by a pump pulse to produce rotational wave functions. After an adjustable delay time, a probe pulse strikes the gas to produce an observed signal, either as ionization, dissociation, or high harmonic generation (HHG) signal. 2 The observed signal is very sensitive to the rotational temperature of the molecular ensemble. 3 Therefore, it is very important to measure the rotational temperature of the molecular ensemble precisely and to have a sensitive and effective method to determine it.
Among the methods to measure rotational temperature, coherent anti-Stokes Raman scattering (CARS) and high harmonic generation (HHG) signal are the most popular ones. 4, 5 In the HHG method, the dynamic HHG signal from the experiment is Fourier transformed to obtain the signal in the frequency domain. The rotational temperature is obtained by comparing the experimental signal with the calculated signal generated with the same parameters, with various initial rotational temperatures. This method has succeeded in determining the rotational temperature of a molecular gas jet with various pressures and at various distances from the nozzle. 6, 7 However, generating calculated signals for various initial temperatures is time consuming. In addition, the measured temperature is the effective rotational temperature due to pump heating, which sometimes differs from the initial rotational temperature. 8 This paper proposes a method for determining the dynamics of the rotational temperature of a molecular ensemble interacting with a pump pulse. It starts by solving Schrodinger's equation to obtain the molecular wave function. The molecular wave function is then used to calculate the rotational energy. Taking the rotational energy to be equal with thermal energy, one can easily extract the rotational temperature.
METHODS
The system of interest is a linear molecular gas interacting with a linearly polarized laser pulse with specific peak intensity and pulse duration. The molecular wave function for a given single initial state at time t, is obtained by solving the time dependent Schrödinger equation. 8 ( 1 )
with initial state Above, is the field-free nuclear Hamiltonian, whereas is the interaction due to the pump pulse with the nuclear motion at a time t, and is given by
Here, is the anisotropic molecular polarizability, is the relative angle between the molecular axis and the laser polarization, whereas is the energy due to the pump pulse where and are the peak and time profile of the pump pulse, respectively. In practice, the fundamental set of solutions is obtained by numerical integration, using the well-known Runge-Kutta method. 9 Having the molecular wave function, the rotational energy of molecules for a specific initial state can be calculated from its expectation value over the rotational wave packets ( 3 ) The rotational energy of the molecules is then obtained by averaging over the Boltzmann distribution ( 4 )
In the above, and d stand for the molecular rotational constant and the angular momentum, respectively. The eigenvalue of the energy for a single initial state, , is averaged with respect to the rotational wave packets (inner sum) and then over the Boltzmann distribution (outer sum). Next, by assuming molecules (i) to have rotational energy only (which is true for observation times close to the rotational period of the molecule and far from the collisional time), and (ii) to have two degree of freedom due to rotation (which is true for the case of linear molecules), it is reasonable to use relation, and obtain the rotational temperature.
The molecules under investigation are the diatomic molecules, such as N2 and O2, as well as a triatomic linier molecule such as CO2. The properties of these three linear molecules are displayed in Table 1 . , plotted as a function of the delay between the observation time and the time when the pump pulse reaches its peak. For an observation time close to the rotational period of the molecule, which is 8.4 ps for N2, and far from the collisional time, which is typically on the order of ns, it is reasonable to assume that the molecular energy mostly appears as a rotational energy.
RESULTS AND DISCUSSION
For a linear molecule with two degree of rotational freedom, such as N2, the rotational energy should be equal to . This assumption allows us to estimate the rotational temperature of the ensemble, as shown in right scale of Fig. 1.   FIGURE 1 . The dynamic of rotational energy of N2, with various initial temperatures, subject to a Gaussian pump pulse with peak intensity of 60 TW/cm 2 and FWHM of 40 fs. Fig. 1 shows that the calculated temperature for molecular ensemble before its interaction with pump pulse is equal to the initial temperature itself. This fact confirms the validity of this method for measuring the rotational temperature, and enables us to measure the rotational energy after the interaction. Fig. 1 also shows us that the pump pulse transfers its energy to the molecules and warms them, as indicated by the increasing molecular rotational energy. The rotational energy monotonically increases as the pump is turned on, and is kept high even after the pump pulse is already turned off. It is also worthwhile to note here that the molecular ensemble of N2 experiences a similar temperature increase regardless of its initial temperature, demonstrating that the upward shift in the rotational temperature is independent of the initial temperature. For , a Gaussian pump pulse, with peak intensity of 60 TW/cm 2 and FWHM of 40 fs, generates an energy increase of 23,90 cm -1 which is equivalent to a rise in temperature of 34.40 K.
FIGURE 2.
The dynamic of rotational energy of O2, with various initial temperatures, subject to a gaussian pump pulse with parameters similar to those in Fig. 1 .
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The dynamics of the rotational energy for and are depicted in Fig. 2 and Fig. 3 , respectively. Their dynamics mimic those of in two aspects. First, the rotational energy of the molecules shifts upward during their interaction with the pump pulse, and second, the increase in rotational energy is independent of the initial temperature. Moreover, the energy increase differs for those three molecules. For O2, a Gaussian pump pulse with peak intensity of 60 TW/cm 2 and FWHM of 40 fs generates an energy increase of 25.82 cm -1 or temperature rise of 37.16 K. For CO2, a similar Gaussian pump pulse generates an increase of 30.90 cm -1 in energy or 34.66 K in temperature.
FIGURE 3.
The dynamic of rotational energy of CO2, with various initial temperatures, subject to a Gaussian pump pulse with parameters similar to those in Fig. 1 .
To understand the discrepancy in temperature increase, we calculate the rise of squared angular momentum 
